Objective: To study whether a culture medium that allows undisturbed culture supports human embryo development to the blastocyst stage equivalently to a well-established sequential media. Design: Randomized, double-blinded sibling trial. Setting: Independent in vitro fertilization (IVF) clinics. Patient(s): One hundred twenty-eight patients, with 1,356 zygotes randomized into two study arms. Intervention(s): Embryos randomly allocated into two study arms to compare embryo development on a time-lapse system using a single-step medium or sequential media. Main Outcome Measure(s): Percentage of good-quality blastocysts on day 5. Result(s): Percentage of day 5 good-quality blastocysts was 21.1% (standard deviation [SD] AE21.6%) and 22.2% (SD AE22.1%) in the single-step time-lapse medium (G-TL) and the sequential media (G-1/G-2) groups, respectively. The mean difference (À1.2; 95% CI, À6.0; 3.6) between the two media systems for the primary end point was less than the noninferiority margin of À8%. There was a statistically significantly lower number of good-quality embryos on day 3 in the G-TL group [50.7% (SD AE30.6%) vs. 60.8% (SD AE30.7%)]. Four out of the 11 measured morphokinetic parameters were statistically significantly different for the two media used. The mean levels of ammonium concentration in the media at the end of the culture period was statistically significantly lower in the G-TL group as compared with the G-2 group. Conclusion(s): We have shown that a single-step culture medium supports blastocyst development equivalently to established sequential media. The ammonium concentrations were lower in the single-step media, and the measured morphokinetic parameters were modified somewhat.
D
uring the last three decades we have seen a major increase in the understanding of embryo physiology and improvements in the in vitro culture environment. The subsequent improvements have resulted in more embryos available for transfer and thus a need for more effective cryopreservation protocols for the supernumerary embryos. Effective cryopreservation protocols allow all stages (oocyte through blastocyst) to be cryopreserved and used in a subsequent frozen embryo transfer, with outcomes equivalent to those of fresh transfers (1) (2) (3) (4) . With these advances and the move toward elective single-embryo transfer, attention has turned toward increasing the ability to select the most viable embryos for transfer (5) (6) (7) (8) . The ultimate goal is therefore to perform elective single-embryo transfer, resulting in a singleton healthy live birth.
Currently, morphologic features are the most prominent and, the majority of the time, the only method used to select which embryo(s) to transfer. In 2011, the Alpha Scientists in Reproductive Medicine group and European Society of Human Reproduction and Embryology (ESHRE) published a consensus statement that outlined the time at which embryos should be scored during development (9) . Such periodic observations indicate whether the embryo is developing at an appropriate rate. Embryos can then be further assessed with grading schemes to give a final indicator of potential viability and enable an informed, if somewhat subjective, selection of the embryo(s) to transfer.
It is acknowledged that periodical observations can only provide minimal insight into the highly dynamic process of embryo development, along with a limited ability to detect certain abnormalities during mitotic divisions. Thus, timelapse imaging has been suggested as a solution to observe the dynamic morphology by identifying abnormal cleavage patterns and more closely observing the morphokinetics of development. This could improve embryo selection or more likely deselection (10, 11) . Furthermore, time-lapse technology has the potential to increase the consistency of quality embryo selection by minimizing the level of subjectivity in embryo scoring within clinics and more widely the field of in vitro fertilization (IVF) (11) (12) (13) .
Time-lapse systems allow for automated image acquisition of embryos with a relatively high temporal resolution (5-20 minutes) without the need to remove the embryos from the incubator. This in itself is likely to improve embryo development and viability, as any kind of manipulation subjects the embryo and/or its culture environment to fluctuations in temperature, gas concentrations (causing pH shifts), light, and humidity. With time-lapse there is no need to remove the embryos from the incubator for observation on day 3 when culturing to the blastocyst stage. Thus, one might question the practical compatibility of time-lapse with sequential media.
Sequential media were developed to mimic the nutrient changes from the oviduct to the uterus and the change in metabolic requirements of the preimplantation embryo (14, 15) . Currently, to use sequential media, one must remove the dish from the incubator and physically move the embryos from the first-to second-phase medium, which is maintained in a separate culture dish. Moving embryos into a fresh culture drop is even recommended in some single-step medium protocols. Therefore, the embryos could be subjected to the same fluctuations as outlined here. With each manipulation of the embryos, there is also an increased risk in physical damage or even loss. Thus, there could be major advantages to using a medium with time-lapse systems that does not require a change or refresh, but rather can be used from day 1 through days 5 to 6 and the time of embryo transfer or cryopreservation (16) .
Our study prospectively compared the embryo development of randomized sibling embryos cultured in a singlestep medium designed for time-lapse (G-TL) that can be used continuously and undisturbed from day 1 through to days 5-6 with the development of embryos in sequential media (G-1/G-2) with a mandated day 3 changeover.
MATERIALS AND METHODS

Overall Study Design
This study was a two-arm, prospective, randomized, controlled clinical trial performed at four independent IVF clinics: two in Sweden (Fertilitetscentrum, Gothenburg; and Reproductive Medicine Centre, Sk ane University Hospital, Malm€ o) and two in the United States (Pacific Fertility Center, San Francisco; and Frisco Institute for Reproductive Medicine in Texas). The study was performed from September 2013 to February 2014. Institutional review board approval was obtained for each site in the United States through Schulman Associates (Cincinnati, OH), protocol number TL-SCM-2013; and ethics approval was obtained for the Swedish clinics though the local ethics committee in Gothenburg, Sweden (988-12). The trial was registered at ClinicalTrials.gov (NCT01939626). We prospectively randomized sibling embryos at the two pronuclei (2PN) stage to compare embryo development on a time-lapse device (Primo Vision; Vitrolife Sweden AB) using a continuous, undisturbed, single-step, time-lapse medium (G-TL) or sequential media (G-1/G-2).
The primary end point was the percentage of goodquality blastocysts (GQB) on day 5 per randomized patient. The secondary end points were [1] the percentage of goodquality embryos on day 3 of development, [2] the blastocyst utilization rate (number of blastocysts transferred and/or cryopreserved on day 5 and 6) per 2PN, and [3] total blastocyst rate (total number of blastocysts per 2PN).
Recruitment
Couples with female, male, or unexplained infertility intending to undergo IVF or intracytoplasmic sperm injection (ICSI) who had no medical contraindications for the treatment were informed of the study based on the inclusion and exclusion criteria. The women were required to be %40 years old. On the day of fertilization check (day 1) the couple needed R6 normally fertilized oocytes as exhibited by 2PN. As the primary end point was GQB on day 5, all patients were required to allow their embryos to be cultured to the blastocyst stage (days 5-6). Patients were not considered for the study if they had previously participated or the sperm was derived from testicular or epididymal biopsy. Written informed consent was obtained from all study participants. Supplemental Figure 1 (available online) outlines the participant flow in the study. A total of 128 patients enrolled in the study; one patient did not follow the protocol and received an embryo transfer on day 3.
Randomization and Blinding
Ovarian stimulation and oocyte collection and fertilization were performed as per each clinic's practice. If R6 oocytes from the patient were normally fertilized, the resulting zygotes underwent stratified randomization into the two different media. Allocation was performed in a 1:1 ratio according to a computer-generated randomization list for each couple, which was provided in sealed and numbered envelopes to each clinic. Zygotes randomized into G-1/G-2 underwent a media change from G-1 to G-2 on day 3 and subsequent culture until days 5-6. The zygotes randomized to G-TL were cultured continuously without any media change until days 5-6. To minimize the possible bias for the primary outcome, the embryologist performing the morphologic evaluation on day 3 and 5-6 was blinded to the treatments. The physician, the embryologist, and the couple were also blinded to the culture group from which the embryo had been selected for transfer.
Time-lapse Embryo Culture
Randomized embryos from each group were placed into individual wells of a nine-well Primo Vision culture dish. Embryos were cultured in 80 mL of culture medium (G-TL or G-1/G-2 PLUS, containing 5 mg/mL of human serum albumin; Vitrolife Sweden AB) with a 3.5-mL paraffin oil overlay (OVOIL; Vitrolife Sweden AB). Embryos were cultured to the blastocyst stage in large standard incubators at 37 C (6-7% CO 2 , 5% O 2 , and 89% N 2 ). Each patient's sibling embryos were kept on the same shelf of the same incubator to minimize different effects of door openings. The CO 2 concentration in each incubator was adjusted so that all media types were between 7.25 and 7.35. Embryos were monitored with the Primo Vision time-lapse system (Vitrolife Sweden AB). Imaging frequency was set to 10-minute intervals with multiple focal planes recorded every 60 minutes. Both the Primo Vision culture dish (based on the well-of-the-well culture dish) and the Primo Vision time-lapse system have been described previously elsewhere (17, 18) .
Embryos cultured in G-1 were changed into a new dish containing G-2 on the morning of day 3. Embryos cultured in G-TL remained in the medium from day 1 through to days 5-6 with no medium change or refresh. On day 3 and days 5-6, the embryos were assessed morphologically using the Alpha/ESHRE consensus scoring system under an inverted microscope. The number of blastocysts and GQB achieved by the different culture media were recorded. A GQB was defined as 2:2:2 or better.
Embryo Morphokinetic Evaluation
All embryos in the study were imaged with 10 minute intervals for 5 to 6 days. Every 60 minutes 11 images were taken through the Z plane (110-mm range) of the embryo, allowing for better assessment of cell numbers. The Primo Vision software was used for the analysis of time-lapse images. The first appearance of the 2, 3, 4, 5, 6, 7, and 8 cell stages and the onset of blastulation were annotated for all embryos by a single operator. Timing of kinetic events (cleavages) were measured from the time of fertilization. The time of fertilization was defined by the time the sperm was added to the oocytes in case of standard IVF, or the time when ICSI was started. An independent operator then verified the annotations. The timing to the different cell stages, and the durations of the second interphase (from 2-to 3-cell stages) and the second (from 3 to 4 cells) and third (from 5 to 8 cells) cytokinesis were also compared between media and clinics ( Table 1) .
Embryo Recipients and Transfer
Embryo transfer and luteal support were performed according to each clinic's practice. As the primary end point was blastocyst development, the number of embryos transferred was decided according to each clinic's routine although the vast majority were single-embryo transfer.
Ammonium Measurement
After the end of the embryo culture, 200 mL of OVOIL was pipetted into a cryo-vial. The 80-mL culture drop was mixed by drawing up and expelling three times. Then, 20 mL of medium was sampled and placed into the cryo-vial under the 200 mL of OVOIL to prevent evaporation. The samples were then stored in a À20
C freezer until measurement. The ammonium measurements were performed using a dry chemistry reagent system that has been used to measure ammonium levels in blood samples (19) . As with Goggs et al. (19) , linearity was observed within a suitable concentration range (0-200 mM). The device Time from fertilization until the first observation of 3 completely separated blastomeres t4c
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was used as per the manufacturer's instructions (PocketChem BA PA-4140; Arkray, Japan). Cryo-vials with frozen samples were thawed at room temperature before measuring. The cryo-vials were then centrifuged so that the sample was easier to collect from the bottom of the cryo-vial without oil contamination. Ammonium measurements were also made on media that did not contain embryos using the same methodology. Media were incubated at 37 C for a total of 144 hours, which would encompass the time for media equilibration and the embryo culture period to day 6. Measurements were made every 24 hours. A total of six replicates were performed.
Statistical Analysis
Using retrospective data and a simulation, the standard deviation (SD) for the difference in GQB percentage between the two media was estimated to 32%. We determined that we would need to include 128 couples to achieve the lower limit of a 95% two-sided confidence interval (CI) for the mean difference in GQB percentage between the two media to be greater than the noninferiority margin À8% with a probability of 80%. The À8% margin was chosen as we regarded that to be clinically relevant and practically obtainable with regard to the number of patients who had to be included.
The distributions were given as mean, SD, median, and minimum and maximum. All main analyses were based on subject and paired. The analyses of percentage GQB and good-quality embryos was performed with paired t test. The two-sided 95% CI was calculated from the paired t test. All timing and ammonium measurements were compared using the Wilcoxon's signed rank test. For comparison of differences in GQB percentage between the two media among the four sites an analysis of variance (ANOVA) was performed. All significance tests were two-sided and conducted at the 5% statistical significance level. SAS System, version 9 (SAS Institute) was used.
RESULTS
The patient demographics and characteristics are shown in Supplemental Table 1 (available online) . Of the 128 patients entering the study, 48.4% underwent IVF and 50.8% used ICSI. For one patient (0.8%), a combination of IVF and ICSI was used. The resulting mean number of zygotes (with 2PN) per patient was 10.8 (SD AE4.4; range: 6-24). As only a single patient did not follow the study protocol, only intention-totreat analyses are shown. Per-protocol analyses were performed but showed almost exactly the same results as the intention-to-treat analyses, so we have omitted those results for the sake of clarity.
Embryo cohorts with R6 normally fertilized oocytes were randomized between culture in G-TL and G-1/G-2. Six hundred and eighty-one embryos were cultured in G-TL, and 675 embryos were cultured in G-1/G-2. There was no statistically significant difference in GQB on day 5 per patient with G-TL compared with G-1/G-2, as the mean percentage difference (À1.15%; 95% CI, À5.96% to 3.65%; P¼ .64) between the two media was lower than the noninferiority margin of À8% set out in the study design ( Table 2 ). The percentage of GQB was 21.1 (SD AE21.64%) and 22.2 (SD AE22.1%) in the G-TL and G-1/G-2 groups, respectively.
Supplemental Figure 2 (available online) shows the distribution of the difference between treatments at each of the four sites. There was no statistically significant difference between the sites. The utilization rate per patient (i.e., the percentage of GQB on days 5 and 6 per cultured 2PN) was not statistically significantly different between G-TL and G-1/G-2 (33.0% [SD AE25.3%] and 35.6% [SD AE27.0%], respectively).
With regards to the total blastocyst rate, there was no statistically significant difference between the study groups. When using conventional morphology scoring (cell number on day 3, percentage of fragmentation at 68 AE 1 hours after insemination) there were fewer good-quality day 3 embryos per patient (P¼ .0005) cultured with G-TL compared with G-1/G-2 (50.7% [SD AE30.6%] vs. 60.8% [SD AE30.7%], respectively). The timing for the seven-and eight-cell stages was statistically significantly longer in the G-TL group, accounting for the lower cell number and hence lower morphologic score at the day 3 investigation. Timing for the onset of the second and third cytokinetic cycle did not differ, but their durations were longer in the G-TL group (Fig. 1) . The onset
TABLE 2
An intention-to-treat analysis of the primary and secondary end points in the study (n [ 128) .
Difference between GTL and G-1/G-2 P value of blastulation was shorter in the G-TL group by an average of 83 minutes, but this difference was not statistically significant (P¼ .14) (Supplemental Table 2 , available online).
Ninety-four patients (73.4%) received an embryo transfer. Of those patients, 87 (93.2%) had embryos transferred from only one of the media systems (41 in G-TL and 46 in G-1/G-2). There was no statistically significant difference in biochemical pregnancy rates between G-TL and G-1/G-2 (56.1% vs. 50.0%), ongoing implantation rates (48.8% vs. 41.3%), or live-birth rates (43.9% vs. 34.8%). Of the 128 patients randomized, 34 received no transfer due to risk for ovarian hyperstimulation syndrome (n ¼ 26), no blastocyst development (n ¼ 7), or day 3 transfer (n ¼ 1).
The ammonium accumulation in G-1, G-2, and G-TL (incubated at 37 C) in the absence of embryos was measured. Figure 2 shows the ammonium concentration increase over time for each of the media. The total incubation time was 144 hours, which mimics the clinical-use incubation period, from the start of medium equilibration to the time of embryo transfer up to day 6. The ammonium concentration in G-TL (12.1 AE 1.4 mM) at the start of incubation was statistically significantly lower (P< .001) than both G-1 and G-2 (21.2 AE 1.1 and 19.5 AE 1.4 mM, respectively). At the end of the incubation period, the ammonium concentration was statistically significantly lower in G-TL (24.5 AE 1.7 mM) compared with G-2 (30.0 AE 2.8 mM). The ammonium concentration was also measured in the culture drops containing embryos of each medium from 80 patients, once the culture had stopped and all embryos had been disposed (transferred, cryopreserved, or discarded). The ammonium concentration for G-TL was 40.0 
DISCUSSION
Our study determined whether a single-step time-lapse medium (G-TL), which allows the embryos to remain undisturbed until the time of embryo transfer, could support equivalent embryo development to sequential media (G-1/G-2) employing a day 3 medium change. This study demonstrates that G-TL used in a time-lapse system can achieve the same level of blastocyst development and utilization rate as an established sequential culture media system. Sequential media were developed to mimic the changing environment that the embryo experiences and also its changing metabolic requirements (14, 15) . Therefore, to currently use sequential media it is necessary to remove the culture dish containing the embryos from the incubator and physically move the embryos into the second-phase culture medium. One can envision that other techniques could be adopted in the future, for instance, a device that can perform a gradual in situ change of the medium over time. Such a device might even be used to perform analysis of the media (20, 21) . A current alternative strategy, however, is to culture the embryo in a single medium that has been optimized to cover the metabolic needs of both early and late-stage embryos during culture. The merits of sequential media and single-step media have been discussed elsewhere (15, 22, 23) , but, regardless of which culture system is being used, it is still common practice to remove the embryos
FIGURE 1
Time-lapse profiles of sibling embryos cultured in the two different culture media systems. VOL. -NO. -/ -2015frequently from the incubator to monitor embryo development and decide on an embryo-transfer strategy. This can be avoided with the use of time-lapse microscopy.
The use of a time-lapse system allows almost constant viewing of embryo development with negligible disturbance of the culture environment. One of the main advantages is that it minimizes changes of the in vitro culture environment containing the embryo by eliminating the need to remove the embryos from the incubator. In fact, reducing the number of incubator door openings and increasing the stability of the culture environment are likely to improve embryo development in itself. It has been demonstrated with mouse embryos that daily multiple incubator door openings can significantly reduce embryo development and viability (24) . Furthermore, moving embryos between culture drops requires them to be physically handled. Pipetting can cause an increase in stress factors in embryos (25) . Each manipulation also increases the chance of accidents and embryo loss. Therefore, although a single-step medium does not mimic the in vivo changes an embryo would experience as it moves through the oviduct to the uterus, any metabolic stress is potentially balanced by the absence of disruptions to the in vitro environment and elimination of physical manipulation. There are also economic and time efficiency considerations, given the cost and labor associated with preparing and performing the changeover during routine blastocyst culture.
Other studies have compared commercial single-step and sequential media (16, (26) (27) (28) , but to our knowledge only two studies have used time-lapse to assess the embryo development (29, 30) . Ciray et al. (29) performed a smaller comparison of single-step and sequential media (both media from the same manufacturer, but different from our study) using time-lapse. It was found that the time from fertilization to pronuclei disappearance and cleavage times up to the five-cell embryo occurred statistically significantly later in embryos cultured in the sequential media system. There were also some morphokinetic differences between G-TL and G-1/G-2 leading up to day 3 of embryo culture (as we will discuss); however, because these events happen before the medium change on day 3, the explanation is due to the difference in media formulation rather than a result of using a single-step or sequential media system. Furthermore, as with our data, there was no difference in utilization, implantation, or clinical pregnancy rates. A limitation of our study, however, is that the oocytes/embryos, and not the patients, were randomized. A noninferiority study design with a primary end point of clinical pregnancy would unfortunately require an impractically high number of patients, so neither study was statistically powered to assess clinical outcome.
Basile et al. (30) did not observe any statistically significant differences in the morphokinetics of the embryos cultured in media from different manufactures. Their study did, however, use donor oocytes, so there may be more variation with embryos from infertile patients of different ages. In our study, there was a statistically significant difference observed for embryo development on day 3 when using normal morphologic scoring (1). The difference was that there were more 8-to 10-cell embryos recorded in the G-1/G-2 group compared with the G-TL group.
It is interesting that the time-lapse analysis revealed that the embryos in the G-TL group slowed down in their third cleavage cycle. The first blastomere of the four-cell stage embryos started to cleave (t5) at a similar time in both of the groups, but completion of cytokinesis for the remaining three blastomeres was statistically significantly longer in the G-TL group. Although the third cytokinetic cycle was only delayed for approximately 1.5 hours (93-101 minutes), this delay helps explain the differences observed in cell numbers on day 3. Conventional morphologic scoring was performed at 68 AE 1 hours after insemination (around the time of the third cytokinetic cycle). Thus, even a short time difference would result in a significant observed difference in day 3 good-quality embryos, based on the number of blastomeres counted. Despite this delay in the precompacting stages, the embryos cultured in G-TL recover their developmental rate, resulting in similar numbers of GQB on day 5 as well as similar utilization rates and clinical outcomes.
One of the potential concerns with not refreshing the culture media until blastocyst cryopreservation or transfer is the increasing amount of ammonium accumulation from the breakdown of amino acids and as a product of embryo metabolism (31) (32) (33) (34) (35) . Virant-Klun et al. (36) demonstrated that when embryos were cultured in a sequential media system (M1 and M2; Blast Assist) an ammonium concentration of R119 mM was sufficient to significantly reduce human blastocyst development. This is concordant with data from mice where a concentration of 150 mM ammonium reduced both blastocyst development and cell number (31) . In our study, G-TL and G-1/G-2 generated <35 mM ammonium, which is similar to that reported by Gilbert et al. (37) for another single-step medium or 52 mM. This difference can be explained by the fact that the media used by Virant-Klun et al. (36) contained glutamine. It has been known for decades that glutamine readily breaks down into ammonium and can negatively affect cell lines and embryos (33, 38) . Both G-TL and G-1/G-2 contain alanyl-glutamine, a stable peptide version of glutamine that was first used as a heat-stable version of glutamine for autoclaved media (39) . There was a
FIGURE 2
Ammonium concentration in G-1, G-2 (sequential), and G-TL (singlestep time-lapse) media at 37 C over time.
significant difference in ammonium accumulation between G-TL and G-2 after embryo culture. The most likely explanation is due to a difference in media formulations. This was reflected by the difference in ammonium concentration in the media alone, but different media formulations are likely to also result in different metabolism and resulting ammonium production. Nevertheless, the ammonium concentration of both G-TL and G-2 remain well below that reported by Virant-Klun et al.
In conclusion, with the largest prospective randomized sibling embryo study to date that has compared a singlestep medium and sequential media (from the same manufacturer) using time-lapse, we have shown that the two media systems are equivalent in relation to blastocyst quality and rate. There were some small but significant morphokinetic differences leading up to day 3 of embryo development, which are likely to reflect the formulation differences between the two media. This, however, did not impact blastocyst development or utilizations rates. Using a single-step medium that has been designed to be used in conjunction with timelapse systems allows for a potentially safer and more efficient culture environment by minimizing manipulation of the embryo.
